Aims Familial dilated cardiomyopathy (FDCM) is associated with mutations in more than 10 genes, but genes mutation frequencies and associated clinical features remain largely unknown. Here, we performed a mutation analysis of four genes involved in FDCM in a population of idiopathic DCM. Methods and results A SSCP and sequencing mutation screening of all the exons coding for beta myosin heavy chain (MYH7 gene), cardiac T troponin (TNNT2 gene), phospholamban (PLN gene), and the cardio-specific exon of metavinculin (VCL gene) were performed in 96 independent patients (54 familial and 42 sporadic). It led to the identification of eight heterozygous mutations, seven new ones in MYH7, and the already described R141W mutation in TNNT2. MYH7 mutations (in five familial and two sporadic cases) substitute residues located either in the head (I201T, T412N, A550V) or tail domains (T1019N, R1193S, E1426K, R1634S) of the protein. DCM was not associated with skeletal myopathy or conduction defects in any patients. Contrasting clinical features were observed between MYH7 and TNNT2 mutations carriers. In MYH7 vs. TNNT2, mean age at diagnosis was late (P , 0.03), penetrance was incomplete in adults (56 vs. 100%), and mean age at major cardiac event was higher (P , 0.04). Conclusion We have identified seven mutations in MYH7, one in TNNT2, and none in PLN or in the VCL cardio-specific exon. MYH7 appears as the most frequently mutated gene in our FDCM population (10%), and mutation carriers present with delayed onset, in contrast to TNNT2.
Introduction
Idiopathic dilated cardiomyopathy (DCM) is a major cause of heart failure, sudden death, and heart transplantation.
The phenotype can be characterized by an isolated cardiac dysfunction (isolated DCM) or include conduction defects (atrioventricular block or sinus node dysfunction) and/or skeletal muscular disorders. The majority of patients present a sporadic DCM (SDCM), however, a familial transmission (FDCM) is observed in 25-35% of the cases. [1] [2] [3] Mutation analysis on cohorts of patients with autosomal dominant inheritance led to the identification of null and missense heterozygous mutations in 12 different genes encoding sarcomeric, cytoskeletal, or regulatory proteins associated with isolated FDCM: the a-cardiac actin (ACTC), desmin (DES ), d-sarcoglycan (SCGD), vinculin (VCL ), titin (TTN ), T troponin (TNNT2 ), a-tropomyosin 1 (TPM1 ), muscle LIM protein (MLP ), phospholamban (PLN ), ZASP (LDB3 ), and b-myosin heavy chain (MYH7 ) genes. [4] [5] [6] [7] [8] [9] [10] [11] Moreover, mutations in the lamin (LMNA ) or the two X-linked dystrophin (DMD ) and taffazin (TAZ ) genes are responsible for FDCM frequently associated with specific phenotypes including conduction defects and/or muscular skeletal dystrophy. 4, 12 Finally, up to seven genetic loci have also been identified but without subsequent disease gene characterization. 4 We have previously reported the mutation screening of several known disease genes in a French population composed of independent SDCM and FDCM cases. These screened genes included ACTC, DES, 13 and SCGD, 14 and we confirmed their low mutation rate, whereas LMNA 15 mutations were strongly associated with DCM cases presenting with additional phenotypes. In order to better estimate the incidence of mutations in DCM and associated phenotypes in this population, we extended our mutation analysis to the coding sequences of four more disease genes implicated in DCM: MYH7 (OMIM 160760), TNNT2 (OMIM 191045), PLN (OMIM 172405), and the cardio-specific exon of VCL (OMIM 193065), which is included in the transcript encoding metavinculin in heart, a cytoskeletal protein implicated in anchoring of the F-actin to plasma membrane.
Methods

Clinical evaluation
Ascertainment of subjects recruited in the study was based on physical examination including muscular testing, ECG, coronary angiography, and 2D-echocardiography. Holter-ECG and serum creatine kinase level were obtained when possible. The diagnosis of DCM was established in accordance with the criteria used by a European consortium described elsewhere. 16 Patients were classified as familial cases when at least two first-degree patients in the same family were affected. All first-degree relatives of patients were proposed to be included in the study and 80% of them gave consent. Cases were considered sporadic when no evidence of familial disease was observed or when no relatives could be clinically evaluated. Relatives in families were classified as unknown in the presence of minor non-significant abnormality or because of interaction with another cardiac disease (such as coronary artery disease). Written informed consent for all subjects (index cases and relatives) was obtained in accordance with the study protocol approved by the local ethics committee. Inheritance in familial forms was reviewed and families with X-linked or mitochondrial inheritance were excluded. A total of 96 consecutive unrelated index cases were enrolled and investigated, including 54 FDCM and 42 SDCM cases. No index patient declined to take part in the study. The characteristics of the studied population have been described previously.
14 Patients were mainly of European origin (94%) and recruited in France. The male/female gender ratio was 63:36 and mean age was 47 + 18 years. Most cases were presenting with isolated DCM (n ¼ 92; 96%), some were characterized by DCM and skeletal muscular dystrophy or conduction defect (n ¼ 3; 3%), or early atrial fibrillation (n ¼ 1; 1%).
Mutation analysis
Blood samples were collected and DNA was extracted from peripheral lymphocytes using a standard protocol at the Généthon Bank (Evry, France). Oligonucleotides were designed in intronic sequences flanking coding exons according to the following accession number sequences: MYH7, AJ238393; TNNT2, X74819; PLN, NM_002667; and VCL, NM_014000. Amplifications were conducted following standard PCR protocol.
14 Specific conditions and oligonucleotide sequences for each PCR amplification are fully available on request. For MYH7 and PLN, each amplified DNA fragment was analysed by SSCP (single strand conformation polymorphism) using two different temperature conditions as previously described.
14 Abnormal profiles observed after silver staining were sequenced on an ABI Prism 3100 Genetic Analyser (Applied Biosystems). The two other genes (TNNT2, VCL ) were directly sequenced after exon specific PCR amplifications. Identified mutations were confirmed by sequencing on an independent PCR product as well as the segregation of the mutation with the disease in each family.
Genotyping of identified molecular variants
Identified molecular variants were considered as potential mutations when the encoded protein sequence was changed. Synonymous variants were considered as polymorphisms. No variants were identified in the intron-exon junctions.
All suspected mutations were genotyped by PCR-RFLP (restriction fragment length polymorphism) or original SSCP in all family members available and in a control population consisting of 236 ethnically matched subjects from the MONICA (Monitoring in Cardiovascular Disease) study and aged 18-64 with no identified cardiovascular pathology. 
Statistical analyses
Values were expressed as mean + SD. Continuous variables were compared between two groups with a two-sided Mann-Whitney test. A value of P , 0.05 was considered as significant.
Results
In order to estimate the sensitivity of our SSCP protocol, we extensively double-strand sequenced 11 exons of the human MYH7 gene on more than 400 subjects and observed five polymorphisms presenting a rare allele frequency of .1%. All five polymorphisms were detected by our SSCP protocol, setting the sensitivity to 100% in that limited assay compared with double strand sequencing. It suggests, therefore, a very high sensitivity of our SSCP mutation detection protocol. 
Polymorphisms
We identified 23 exonic polymorphisms ( Table 2 ). All were synonymous single base substitutions except the known S1491C in MYH7 17 and one rare non-synonymous polymorphism (P938A) observed in one subject and one healthy control in VCL exon 19.
Mutations
No mutation was identified in the coding exon of PLN gene or in the cardiac specific exon of VCL. Conversely, the MYH7 coding sequence mutation screening led to the identification of seven new heterozygous missense mutations due to single nucleotide substitutions ( Figure 1 ). Five were found in familial forms and two in sporadic cases. The MYH7 gene was therefore involved in 9% of all FDCM (5/54), 10% of families with isolated common FDCM (5/50), and 5% of SDCM (2/42). One familial and one sporadic cases carried the same and already identified R141W substitution in TNNT2, raising the frequency of this single mutation to 2% (Figure 1 ). None of these mutations was identified in at least 400 control alleles, strongly suggesting that they are not neutral polymorphisms. Molecular alignment shows conservation of TNNT2 (data not shown) and MYH7 ( Figure 2 ) mutated residues among species and isoforms.
Familial mutations
In family A, all three affected members were carriers of a T688 C substitution (exon 7) which is predicted to lead to an I201T mutation. One family member (II-1) was a carrier of the mutation and had isolated left ventricular dilatation but without systolic dysfunction. In family B, a C1735T substitution (exon 16) leading to an A550V mutation was present in two affected members of the family. In family C, we identified a C3142A substitution (exon 24) substituting a threonine to an asparagine (T1019N). There were two affected carriers, including an obligate one, in this family. The mutation was also found in three subjects with unknown clinical status, including two patients with left ventricle dilatation and systolic dysfunction but with significant coronary artery disease.
There were also four healthy carriers in the second generation (age 48 years), strongly suggesting a late onset of the disease caused by this mutation. In family D, we identified a C3663A substitution (exon 27) driving the replacement of the basic amino acid arginine into a neutral polar serine residue (R1193S). The family presented 10 mutation carriers including an obligate one. As in family C, penetrance was incomplete with four affected carriers, three individuals with uncertain status, and three healthy. Finally, in family E, a G4362A (exon 31) substitution was identified giving rise to a glutamic acid to lysine replacement (E1426K). There were only two known carriers in this family and both were affected. Moreover, patient II-1 was also affected and, despite the lack of available DNA, was an obligate carrier of the mutation.
Sporadic mutations
We found a C1321A substitution (exon 13) and a C4986T substitution (exon 34) leading to the mutation T412N and R1634C, respectively. It could not be stated whether they were de novo mutations as parents were deceased.
There were five affected members in family F including four carriers of the TNNT2 R141W mutation. We also identified the same R141W mutation in sporadic case C, which is very likely a de novo mutation as it was absent from both healthy parents. However, the possibility of false paternity could not be ruled out.
Clinical features
Detailed phenotypic data on the heterozygous subjects with a mutation are reported in Table 3 and pedigrees are presented in Figure 1 . All subjects were of European origin except sporadic C who originates from Magrib. All patients displayed isolated forms of DCM, except one relative with AV block II in family D. In family C, one of the relatives who had an unknown clinical status (subject II-4) did not carry the mutation. She had significant aortic stenosis, symmetrical LV hypertrophy, normal LV diameter, and mildly depressed ejection fraction. Age is age at genetic inquest; NYHA, New York Heart Association functional class; LVEDD, left ventricular end diastolic diameter (mm); EF, ejection fraction (%); IVS, interventricular septum thickness (echography); muscular clin., abnormality in clinical muscular testing; CPK, elevated serum creatine kinase level; M, man; W, woman; SR, sinus rhythm; PVB, pre-mature ventricular beats; iLBB or cLBB, incomplete or complete left bundle branch block; rBB, right bundle branch block; AVB II, atrioventricular block grade II; NL, normal; NA, not available; HT, heart transplantation; MI, myocardial infarction; LVA, left ventricular anterior coronary; CABG, coronary artery bypass graft; IAD, interatrial defect; no DNA, no DNA available for genotyping. a LVEDD above theoretical value according to age and body surface area.
In MYH7 mutation carriers, mean age at diagnosis was 48 + 17 years. Only 18 among 30 mutation carriers had symptoms, and onset of symptoms occurred after 30 years of age in all cases except one. Penetrance of mutations was incomplete in familial forms (P ¼ 14/25 or 56% in adults). Among 12 mutation carriers without DCM, four had isolated and mild ventricular dilatation and one had isolated and mild depressed systolic function. Prognosis, as assessed by the follow-up of mutation carriers and by family history, was characterized by three cardiac deaths (two mutation carriers and one without available DNA) and three heart transplantations (two mutation carriers and one without available DNA). Mean age of these major cardiac events was 55 + 12 years. Survival rate at 40 and 65 years in DCM families was 96 and 65%, respectively.
In family C, the myocardial biopsy of an affected subject (II-3) revealed no cellular disorganization but extensive fibrosis (data not shown). There was no myosin or desmin abnormal immunolabelling pattern, suggesting a normal sarcomeric organization.
All TNNT2 mutation carriers (five subjects) were symptomatic. Penetrance was complete in the familial form but the size of the family is small. DCM occurred very early in two patients (,3 months of age) and one of them died within few days. There were three cardiac deaths (one in a mutation carrier and two without available DNA in the family), and mean age was 21 + 24 years.
Comparisons between gene-specific mutation carriers
When comparing the mutation carriers, mean age at diagnosis was lower in the TNNT2 group than in the MYH7 group (22.6 + 21 vs. 48.2 + 17 years, P ¼ 0.029) and mean age at major cardiac events was significantly lower (21.3 + 24 vs. 55.5 + 12 years, P ¼ 0.039). When age at diagnosis was compared in index cases only, mean age was 0.2+0 (n ¼ 2, TNNT2 ) vs. 41.6 + 12.6 years (n ¼ 7, MYH7 ), P ¼ 0.04.
Discussion
The prevalence and clinical features of DCM related to four genes, previously reported as disease genes were investigated in 96 subjects with DCM. We have found seven new mutations in MYH7 in seven index cases, one mutation in TNNT2 in two index cases, and no mutations in PLN or exon 19 of VCL.
Vinculin and phospholamban
The mutation frequency in PLN and VCL cardio-specific exon 19 appears to be very low in the population screened in the present study (no mutation). Estimates from previous reports evaluate the frequency of FDCM causing mutations in PLN (one mutation) and VCL exon 19 (two mutations) to 5 and 3%, respectively. 6, 8 Our results are indicative of a smaller frequency (,2% in FDCM), confirming that mutations in both genes are rare in FDCM.
Cardiac T troponin
We identified one mutation in two index cases in TNNT2. Previous screening on TNNT2 in FDCM has identified only two different mutations (DLys210 and R141W). 10, 18 To date, the more frequent of these two mutations (DLys210) has been found four times at frequencies ranging from 10 to ,2% depending on the studies. 10, 11, 19 Here, we did not observe the DLys210 mutation, but R141W with a 2% frequency. Interestingly, in our screening, R141W was observed twice. In addition to a familial form, the mutation is observed in a sporadic case from a different ethnic origin as a likely de novo mutation, suggesting independent events rather than a founder effect at this position. In accordance with previously described phenotypes associated with DLys210 and R141W, the clinical feature observed in our population was characterized by early onset and severe form of FDCM.
These findings may have implications, namely, for the purpose of molecular diagnosis strategy specifically designed to identify DLys210 and R141W, which seem to be involved in 2% of FDCM cases and more likely associated with early onset.
Beta myosin heavy chain
We identified seven new mutations responsible for FDCM in MYH7. All identified mutations affect amino acids with various but high degrees of conservation among cardiac myosin isoforms from different species, suggesting the functional importance of these residues (Figure 2 ) . Moreover, none of the mutations was present in more than 400 chromosomes from a control population. Together with the very low occurrence of myosin heavy chain mutation or polymorphism in the general population, as observed by systematic MYH7 screening 20 and an almost complete association of nonconservative MYH7 mutations with cardiac diseases such as hypertrophic cardiomyopathy (HCM) or DCM, these genetically based observations strongly support a role in disease for the seven newly identified mutations in our study.
In our population, MYH7 appears so far to be the most prevalent gene involved in 10% of FDCM and extends previous results by other groups to a broader population. 10 This is supported by additional screening of other genes conducted in at least 80% of the families screened in the present study. Accordingly, in addition to the three other genes less prevalent than MYH7 screened here (TNNT2, VCL, PLN ), we previously reported the absence of mutations in the SCGD, ACTC, and DES genes. 13, 14 In that previous screening of the same population, we also identified three families with LMNA mutations, all presenting non-isolated FDCM, i.e. associated with myopathy, conduction defects, or arrhythmia. Thus, the prevalence of LMNA mutation in isolated FDCM is null, and it reaches 50% of DCM families with non-isolated forms on the basis of our experience. 15 Other publications reported identification of the LMNA gene mutations responsible for FDCM. 21, 22 It is of note that almost all the mutations identified have been found in subjects or families presenting with non-isolated forms of DCM. The exact frequency of LMNA mutation in the whole FDCM population is difficult to assess given the phenotypic heterogeneity in families included in the different published studies. However, LMNA appears to be only marginally implicated in common forms with isolated FDCM. As other disease genes are observed only in a few families, (,5%), MYH7 appears so far as the most prevalent gene reported in common and familial forms of DCM.
The phenotype in MYH7 mutation carriers offers some peculiarity. Mean age at diagnosis was late, penetrance was incomplete, onset of symptoms was delayed, and mean age of cardiac death or heart transplantation was 55 + 12 years. Interestingly, age at diagnosis and age at major cardiac event were also significantly higher than those observed in patients with DCM and a mutation in TNNT2 (although there was a wide distribution). The MYH7 gene appears, therefore, associated with a late-onset DCM in our population. Our findings are in contrast with previous descriptions by Kamisago et al. 10 and Daehmlow et al.
11 of such patients in whom early onset was reported. Several reasons could explain this apparent discrepancy. First, the structure of the studied populations is different: our findings are based on seven independent mutations in 30 mutation carriers, whereas Kamisago et al. explored two large kindreds. Secondly, Daehmlow et al. 11 have selected DCM cases based only on early onset disease and did not analyse relatives, blunting any attempt to evaluate penetrance or to analyse genotype-phenotype correlation. Finally, it is likely, as observed in hypertrophic cardiomyopathy caused by MYH7 mutations, that various mutations in a same gene give rise to contrasted phenotypes, possibly because of the specific effect of the mutation itself, of environmental, or of modifying gene effects.
In the present study, we report the mutation screening of all the coding sequence of the MYH7 gene and not only exons encoding the head motor domain of the protein. The identification of four mutations in the tail domain emphasizes the importance of a complete MYH7 gene screening as recently suggested in HCM. 17, 23 Several findings indicate that families and patients described in the present work have primary DCM and not infrequent end-stage HCM with systolic dysfunction. HCM was never observed in the present families, even at the beginning of the cardiac disease. No sign of echocardiographic or electrocardiographic hypertrophy was observed during inquest in patients or relatives [mean interventricular septum (IVS) thickness was 8.3 + 1.5 mm], and there was no myocardial disarray in the available myocardial biopsy.
Though functional studies are needed to understand the pathophysiological mechanisms induced by mutations, the absence of a clear localization of the various mutations in a discrete functional domain of the protein suggests that different mechanisms could be involved in the disease process. Three of the identified mutations are located in the head motor domain involved in actin-myosin interaction or ATP/ADP processing. Numerous mutations affecting this domain of the protein have been associated with HCM as well as DCM. Conversely, the other four mutations take place in the rod domain of the Myosin heavy chain molecule. The four mutated residues observed here occurred at conserved positions in the rod domain and three of them give rise to a change in the amino acid net charge. This suggests that rod mutations could have an adverse effect by impairing myosin rod structure and assembly.
In HCM patients, more than 80 different disease mutations have been identified to date in MYH7. 23 Interestingly, none of the DCM mutations identified in the present study has been previously implicated in HCM, suggesting mutation-specific mechanisms. Recent systematic candidate gene screening in DCM indicates an initially unexpected large overlap between HCM and DCM responsible genes. A future challenge will be, therefore, to identify the precise mechanisms leading from mutations to specific disease.
In conclusion, our findings confirm the genetic heterogeneity of FDCM with a low occurrence of PLN and VCL mutation, a 2% frequency of TNNT2 mutation (R141W is associated with high penetrance and early onset), and a prominent role of MYH7 in DCM with a 10% mutation frequency in familial forms and delayed onset of the disease in the studied population.
